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摘要 
二维材料石墨烯兼具优异的电学、光学、热学和机械性能，在透明导电薄膜
领域具有重要的研究价值和应用前景，有望取代传统透明导电薄膜氧化铟锡(ITO)
在光电子、微电子、军事和通讯领域的广泛应用。本文着眼于石墨烯透明导电薄
膜的产业化应用，围绕大面积高质量石墨烯的生长、转移和掺杂，对石墨烯基透
明导电薄膜的制备与应用展开全面的研究。主要贡献及创新包括： 
石墨烯生长方面，提出并利用同位素示踪原子技术证实一种碳源铜箔内表面
到外表面扩散的新的石墨烯生长机制；提出并利用同位素示踪原子技术证实一种
铜箔外表面到内表面逆扩散的刻蚀机制；在8 inch的化学气相沉积(CVD)设备量
产石墨烯薄膜，场效应电子迁移率达到1353 cm2V-1s-1； 
石墨烯转移方面，自主开发了连续稳定的静电膜辅助转移石墨烯的方法；首
次提出一种采用改性的紫外光固化胶(UV)一步法转移和掺杂石墨烯形成石墨烯
透明导电薄膜的新方法，透光率高，方阻低且稳定；在没有任何表面掺杂情况下
单层石墨烯方阻为205 Ω/□，方阻在6个月时间内无任何变化。薄膜透光率为90.8 % 
(含PET基底)，相对于PET基底透光率仅下降了0.8%。 
石墨烯掺杂方面，首次采用二氯二氰基苯醌(DDQ)作为石墨烯的掺杂剂，可
使石墨烯方阻下降68 %；首次提出采用双三氟甲烷磺酰亚胺锂(LiTFSI)作为石墨
烯的掺杂质，可使石墨烯方阻下降约55 %。二种掺杂剂均不会对石墨烯的透光率
造成影响。通过叠加4层石墨烯并掺杂，获得方阻为34.7 Ω/□，透光率为90.5 %的
石墨烯薄膜，性能与商用的ITO玻璃相当，远好于ITO/PET薄膜； 
复合透明导电薄膜方面，制备了石墨烯/纳米金属网格透明导电薄膜。论文深
入研究了不同聚合物纺丝的特性和制备条件，采用PAN/PMMA核壳结构静电纺
丝作为掩模，H2O2处理铜网格/PET表面，制备石墨烯/铜纳米线金属网格的方阻
下降到3.3 Ω/□，透光率为87.9 %。 
石墨烯薄膜应用方面，开发了石墨烯除雾除霜薄膜、石墨烯触摸屏和石墨烯
智能调光膜原型器件，在柔性状态下展现良好性能。石墨烯复合透明导电薄膜在
在3.8 V电压下，其表面温度由室温上升到60 ℃用时仅15秒，可作为汽车、户外
电子设备的除雾除霜层使用；制备了石墨烯触摸屏，在柔性状态下，触控性能良
好，有望在可穿戴设备上广泛使用。制备了石墨烯智能调光膜，阈值电压为30 V，
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开态透光率达到71 %。在柔性状态下，智能调光膜在40 V电压下不间断地开关
10000次后，其开关态对比度几乎没有变化，有望在智能窗户、白板显示等领域
广泛应用。 
 
关键词：石墨烯；化学气相沉积；化学掺杂；UV 胶转移；电纺金属网格 
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Abstract 
Graphene as a two-dimensional material exhibits superior electronic, optical, 
thermal, and mechanical properties that qualify it as an attractive candidate to 
replace indium tin oxide (ITO) using in the field of photoelectron, microelectronics, 
military and communication, etc. In order to achieve the industrial preparation and 
application of graphene as transparent conductive films, the synthesis, transfer, and 
doping of large area graphene films were in-deep investigated in this 
dissertation.The main works and results are summarized as follows: 
Large-area monolayer graphene with controllable domain sizes of a few 
millimeters were synthesised on the Cu foil, which was placed into 2-inch CVD 
equipment. A new graphene growth mechanism was found and verified by carbon 
isotope-labeling technique. The outer surface of a Cu pocker emerge multilayer 
graphene when it’s full coveraged by monolayer graphene owing to the carbon 
source diffused from inner surface in the high temperature. Furthermore, the carbon 
source also can diffuse from the outer surface to the inner surface when the growth 
time is sufficiently long. Large-size graphene films were mass-production 
synthesized by optimization of the substrate in an 8 inch CVD equipment. The 
graphene crystal quality is characterized by manufacture graphene based back gate 
field electron transistor (GFET), whose electron mobility reaches 1353 cm
2
V
-1
s
-1
 in a 
room temperature.  
Electrostatic membrane assisted method was developed and used to transfer 17 
inch graphene to a PET substrate. Compared to the conventional heat-release tape 
transfer method, it is a low-temperature process, cleaner, with fewer residues. 
Moreover, a novel one-step transfer and doping method using chemical modified 
ultraviolet curing adhesive was developed for the first time. This method enables 
faster transfer of monolayer graphene onto a PET substrate up to 17 inch，with a 
sheet resistance of 205 Ω/□ without any additional surface doping. The sheet 
resistance stayed stable both at 20℃ and 80 ℃ in air for 50 days, and it kept stable 
in 6 months when covered with the OCA protective film. The transmittance of the 
厦
门
大
学
博
硕
士
论
文
摘
要
库
 IV 
 
graphene/PET films reaches 90.8 %, which is only 0.9 % less than that of the PET 
substrate.  
Organic impurities of DDQ and LiTFSI were proposed as graphene doptants for 
the first time. By optimization doping condition, DDQ can make the sheet resistance 
decreased by about 68 %, and LiTFSI can make the graphene sheet resistance 
decreased by about 55 %, both doptants didn’t significantly reduce the transmittance 
via doping. Compared to the inorganic doptant such as AuCl3, the doping effect of 
organic impurity can keep stable for a long time. By layer-by-layer stacking of four- 
layer graphene, the sheet resistance as low as 34.7Ω/□ at 90.5% transparency was 
otainded for graphene films, which is superior to commercial transparent electrodes 
such as indium tin oxides (ITO). 
Graphene/metal nanowire networks hybrid transparent conductive films were 
prepared by the electrospinning process. PAN, PMMA and PAN/PMMA nanofibers 
were well parepared and optimized as etch masks of copper films. The sheet 
resistance of hybrid graphene films reaches 3.3Ω/□ with 87.9 % transparency. 
However, the haze of the graphene hybrid films is 2.9 % owing to the randomly 
distributed of Cu nanowire nerworks. 
Finally, numerous prototype devices were fabricated based on the graphene 
transparent conductive films, and corresponding experimental tests were performed. 
Flexible transparent conductive film can be heated rapidly to 60 °C, which made 
them a good candidate for car heated-windshields. The graphene based 
capacitive-type touch panel was prepared and behaved well in flexible state. 
Graphene based Polymer dispersed liquid crystal (PDLC) film was prepared, the 
on/off contrast ratio of PDLC changed little after 10000 times switch in 40 V.  
 
Keyword：Graphene, Chemical vapor deposition, Graphene doping, UV adhesive 
transfer, Electrospinning metal nanowire network 
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第一章 绪论 
1.1 石墨烯透明导电薄膜研究背景 
自2004年人们利用微机械剥离法获得稳定存在的碳单原子层石墨烯以来 [1]，
石墨烯优异的材料性能陆续被实验室证实，例如：石墨烯室温电子迁移率高达
2×10
5
 cm
2
V
-1
s
-1 [2]；光透过率97.7 %，光反射率0.1 % [3]；热导率高达3000 Wm-1 k-1[4]；
扬氏模量1TPa [5]；弹性延展率达20 % [6]。这些远超于其它材料的电学、光学和
机械性能结合在石墨烯上，使石墨烯在透明导电薄膜领域有重要的研究价值和应
用前景 [7-10]。透明导电薄膜是指在可见光区域（光波长范围380-780 nm）平均透
光率大于80 %，电阻率在10-3 Ωcm以下的薄膜 [11]，由于其在可见光范围的高透
光率和接近金属的电导率而成为一种重要的光电信息材料，在微电子、光电子以
及军事等领域普遍应用。铟锡氧化物(ITO)是目前应用最为广泛的透明导电薄膜
材料，是当前很多光电信息设备的核心组成部分，如触控面板、显示器（液晶电
视、智能手机、电子书等），发光二极管和薄膜太阳能电池等，每年产值达数十
亿美元 [12]。然而，随着触控面板和显示器逐渐向大尺寸、高清和柔性等方向发
展，对透明导电薄膜的性能提出了更高的要求，包括方阻、透光率和柔韧性等。
ITO由于迁移率低，方阻下降潜力有限，且在弯曲条件下易脆，此外，ITO原材
料中的铟是稀有金属，储量低，应用成本逐年上升，这些因素限制了ITO在柔性
和高清显示领域的进一步应用 [12-14]。在此背景下，替代ITO的透明导电薄膜如金
属网格[15,16]、银纳米线[17,18]、导电聚合物[19,20]、碳纳米管[21,22]和石墨烯等获得了
研究者广泛的关注。其中，二维材料石墨烯由于具有极高的室温电子迁移率、紫
外到红外光全波段高透光率、优良的机械性能和可挠性能、以及生产成本低等突
出优点，在柔性透明导电薄膜领域具有突出的应用前景。 
事实上，早在石墨烯刚刚被发现时，就有学者在提出采用石墨烯作为透明导
电薄膜使用 [ 23]。方块电阻与薄膜的直流电导率 有以下关系： 
                         (1.1) 
式中， t 为薄膜厚度， q 为电荷常数，n为载流子态密度，
m 为载流子迁移率。
本征石墨烯载流子迁移率2×105 cm2V-1s-1，载流子密度大于或等于1012  cm-2 [24]，
m1/ 1/sR t qn t    （ ） （ ）
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